. DNA sequences related to in vitro selection in this work. The cleavage site ribo-adenine is denoted by rA, FAM = carboxyfluorescein, iSp18 is an 18-atom hexa-ethyleneglycol spacer. The 5 of the Lib-rA* DNA is phosphorylated (denoted by the p) for the ligation reaction. The star (*) denotes for phosphorothioate modification.
DNA Name
Sequence and modifications (from 5 Table S2 . The other DNA sequences used in this study. BHQ denotes for Black Hole Quencher® 1, and p denotes for phosphorylation. Most of these sequences are to test the activity of individual clones from the blocked negative selection. -dependent PS-modified DNAzymes. The initial library was prepared by a ligation reaction (left). The initial library contains an N50 randomized region and a single RNA linkage (rA) as the cleavage site. The library sequence is shown in Figure 1A of the main paper. A PS modification denoted by the star is incorporated at the cleavage site. The cleaved sequences in the presence of Cd 2+ (step 1) are harvested after denaturing polyacrylamide gel electrophoresis (PAGE, step 2). The incubation time and metal concentration of each round of selection are shown in Table S3 . After two rounds of PCR the fulllength single-stranded library is re-generated and the positive strand is isolated after another PAGE S4 step. In the first PCR, two unmodified primers were used to bring the library back to the full length. In the second PCR, two modified primers were used to produce two strands of DNA with unequal lengths. The primer sequences are shown in Table S1 . Finally, the shorter stand bearing the rA and FAM fluorophore is harvested by PAGE to seed the next round of selection. Two variations have been introduced to this protocol by using the blocking DNAs and also using negative selection as described in the Materials and Methods part. This is the basic protocol for the direct selection. Table S3 . In vitro selection conditions in this work. A total of 3 selections were carried out.
DNA Name Sequence and modifications (from 5
to
Selection 1. Direct selection

Round
[Cd 15 (+) 50 5 Table S4 . Sequence alignment of the direct selection using the PS library and Cd
2+
. Sequences aligned together with Ce13 (in green). The cleavage site adenine is marked in red (only marked in the first sequence, all the rest are aligned at this position), and the conserved loop sequence in blue (only shown in the first sequence and the subsequent ones are identical in this region). Only the last sequence (UNBlkCd39) cannot be aligned. The * symbol means fully conserved nucleotides and the dots mean very similar (highly conserved) nucleotides.
UNBlkCd07
CTGCAGAATTCTAATACGAGTCACTAT -AGGAAGATGGCGAAACATCTGGGAGCCATAGG 59  UNBlkCd34  CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGATGGCGAAACATCTGGGAGCCATAGG 59  UNBlkCd14  CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGTTGGCGAAACATTTCG-AGCCATAGG 58  UNBlkCd04  CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGATGGCGAAACAT---GGAGCCATAGG 56  UNBlkCd08  CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGATGGCGAAACATCATGGAGCCATAGG 59  Ce13  CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGATGGCGAAACATCTTGGAGCCATAGG 59  UNBlkCd23  CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGATGGCGAAACAT---GGAGCCATAGG 56  UNBlkCd30 CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGATGGCGAAACAT---GGAGCCATAGG 56 UNBlkCd22
CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGATGGCGAAACAT---TGAGCCATAGG 56 UNBlkCd05
CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGATGGCGAAACAT---GGAGCCATAGG 56 UNBlkCd21
CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGATGGCGAAACAT---GGAGCCATAGG 56 UNBlkCd03
CTGCAGAATTCTAATACGAGTCACTATAAGGAAGATGGCGAAACAT---GGAGCCATAGG 57 UNBlkCd36
CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGATGGCGAAACAT---GGAGCCATAGG 56 UNBlkCd15
CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGATGGCGAAACAT---GGAGCCATAGG 56
UNBlkCd11
CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGATGGCGAAACAT---GGAGCCATAGG 56 UNBlkCd10
CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGATGGCGAAACAT---GGAGCCATAGG 56 UNBlkCd09
CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGATGGCGAAACAT---GGAGCCATAGG 56 UNBlkCd06
CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGATGGCGAAACAT---GGAGCCATAGG 56 UNBlkCd17
CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGATGGCGAAACAT---GGAGCCATAGG 56 UNBlkCd37
CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGATGGCGAAACAT---GGAGCCATAGG 56 UNBlkCd40
CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGATGGCGAAACAT---GGAGCCATAGG 56 UNBlkCd35
CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGATGGCGAAACAT---GGAGCCAGAGG 56 UNBlkCd02
CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGATGGCGAAACAT---GGAGCCATAGG 56 UNBlkCd38
CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGATGGCGAAACAT---GGAGCCATAGG 56 UNBlkCd26
CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGATGGCGAAACAT---GGAGCCATAGG 56 UNBlkCd25
CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGATGGCGAAACAT---GGAGCCATAGG 56 UNBlkCd19
CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGATGGCGAAACAT---GGAGCCATAGG 56 UNBlkCd12
CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGATGGCGAAACAT---GGAGCCATAGG 56 UNBlkCd28
CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGATGGCGAAACAT---GGAGCCATAGG 56 UNBlkCd27
CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGATGGCGAAACAT---GGAGCCATAGG 56 UNBlkCd29
CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGATGGCGAAACAT---G-AGCCATAGG 55 UNBlkCd33
CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGATGGCGAAACAT---GAAGCCATAGG 56 UNBlkCd13
CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGATGGCGAAACAT---GGAGCCATAGG 56 UNBlkCd24
CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGATGGCGAAACAT---GGAGCCATAGG 56 UNBlkCd20
CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGATGGCGAAACATCTTTACAAAAAAAC 59 UNBlkCd39
CTGCAGAATTCTAATACGAGTCACTAT-AGGAAGATGGCGAAACAT--CTTTACTAAGGA 57 *************************** ******:*********** .. * ..
TCAAA-GGTGGGTGCGTGTCGTATCATAT--CGACTAAG-TATAGTGACGGTAAGCTTGG 112 UNBlkCd24
TCAAA-GGTGGGTGCGTGTCG-ATCTAAT--CGACTAAGTTATAGTGACGGTAAGCTTGG 112 UNBlkCd20
TCAAA-AGTTGGCCCTTCCCGCATTTAAG--TTTTCGGAAGATAGTGACGGTAAGCTTGG 116 UNBlkCd39 GCAAATAGCGAGAAACCGGCGAAACTAGAGGCGATCTGG-GTTAGTGACGGTAAGCTTGG 116 *.** .* .* ** : . :**.*..************ Table S5 . Sequence alignment of the blocked selection (without negative selection) using the two blocking sequences. Only four sequences (07, 26, 18, 23) belong to the BN-Cd16 family.
CTGCAGAATTCTAATACGAGTCACTATAGGAAGATGGCGAAACACCTTTACTAGTTT---57 BlkCd05
CTGCAGAATTCTAATACGAGTCACTATAGGAAGATGGCGAAACATCTTTACAAGAT----56 BlkCd17 CTGCAGAATTCTAATACGAGTCACTATAGGAA-ATGGCGAAACATCTTTAGTAGTTGTAC 59 BlkCd04
CTGCAGAATTCTAATACGAGTCACTATAGGAAGATGGCGAAACATCTTTAGTAGTTT---57 BlkCd13
CTGCAGAATTCTAATACGAGTCACTATAGGAAGATGGCGAAACATCTTTAGT--TAT---55 BlkCd08
CTGCAGAATTCTAATACGAGTCACTATAGGAAGATGGCGAAACATCTTTAGTAGT-----55 BlkCd34
CTGCAGAAT-----------TCGCCCTTGGAAGATGGCGAAACATCTTTAGTAATGG---46 ********* **.* .*:**** *********** ** Table S6 . Sequence alignment for the blocked selection with negative selection. CTGCAGAATTCTAAT-ACGAGTCACTATAGGAAGATGGCGAAACA-CCTTCATTCGATAG 58 BN-Cd19
CTGCAGAATTCTAAT-ACGAGTCACTATAGGAAGATGGCGAAACA-CCTTCATTCGATAG 58 BN-Cd33
CTGCAGAATTCTAAT-ACGAGTCACTATAGGAAGATGGCGAAACA-CCTTCATTCGATAG 58 BN-Cd26
CTGCAGAATTCTAAT-ACGAGTCACTATAGGAAGATGGCGAAACA-TCTTCATTCGATAG 58 BN-Cd16
CTGCAGAATTCTAAT-ACGAGTCACTATAGGAAGATGGCGAAACA-TCTTTCTTCGATAG 58 BN-Cd22
CTGCAGAATTCTAAT-ACGAGTCACTATAGGAAGATGGCGAAACA-TCTTTCTTCGATAG 58 BN-Cd32
CTGCAGAATTCTAAT-ACGAGTCACTATAGGAAGATGGCGAAACA-TCTTTAC-CCAAAA 57 BN-Cd39
CTGCAGAATTCTAAT-ACGAGTCACTATAGGAAGATGGCGAAACA-CCTTTAATCCAAAC 58 BN-Cd18
CTGCAGAATTCTAAT-ACGAGTCACTATAGGAAGATGGCGAAACA-TCTTTACCCAAAAG 58 *************** * .************ ************* *:
GAAGGTTTTCTAATAACTGGC--TTTAGTAGAAACACA--GGAGTAGTGACGGTAAGCTT 114 Figure S2 . The M-fold predicted secondary structure of (A) BN-Cd16 and (B) BN-Cd9. The cleavage site ribo-adenine is marked in the red circle. A trans-cleaving version of BN-Cd16 is in Figure 2C of the main paper, where the redundant nucleotides on both ends were removed. Also, the loop around nucleotide 40 was opened. Outside the enzyme core region, the distribution of the redundant nucleotides is quite diverse, indicating that these redundant nucleotides do not play a role in catalysis. Table S2 ) by a few different enzymes (see Table S2 for sequences) in the presence of 1 µM and 10 µM Cd 2+
. They all showed similar activity, which is consistent with their similar sequences in Figure 2D . BN-Cd16 was chosen for most of studies in this work. The reaction was in 50 mM MES, pH 6.0 with 25 mM NaCl after 1 h incubation time. DNAzyme showed excellent metal specificity from the assay in Figure S6 , it might also be suitable to be developed into a cadmium sensor. A range of Cd 2+ concentrations (0-500 μM) was tested for 1 and 2 h. Both the gel images and quantifications are shown. With BN-Cd16, ~30% cleavage was achieved in 1 h, but BN-Cd40 only achieved ~3% cleavage under the same condition. Therefore, this is a much slower enzyme. , the cleavage of the substrate reached ~45%. The improvement from 30 min to 1 h was minimal for these samples as well. This suggests that only about half of the substrate can be cleaved by Cd 2+ . Figure S9 . (A) HPLC trace of the two separated fragments. Snake venom digestion experiment to assign the HPLC separated fragments for the Rp (B) and Sp (C) as indicated in (A). 50 pmol of ligated PS substrate was diluted in 50 μL buffer (100 mM Tris, pH 8.5 and 2 mM MgCl2). 1 μL of 0.01 unit/mL venom phosphodiesterase I was added and incubated at 37 °C up to an hour using Bio-Rad T-100 PCR instrument. Fraction of the samples were taken out and quenched with 1 gel loading buffer each time at designated time point. Digested samples were then separated in 15% denaturing PAGE gel at 200V for an hour. Gel image was taken with Bio-Rad ChemiDoc imaging system. The earlier fraction is digested more quickly and the later fraction is resistant to digestion, especially at the band indicated by the blue arrowhead, which corresponds to the rA*G junction position. The enzyme stops at the position. The red arrow indicates the cleavage product, which runs slightly faster than the ban indicated by the blue arrow, suggesting that these two bands differ by a single nucleotide. Therefore, the fraction in (B) is assigned as Rp and in (C) as Sp. Figure S10 . The re-purification of the Sp fragment (the Sp fragment from the first purification was re-injected). A small peak corresponding to Rp is observed and the collected Sp fractions are between the red and green lines, further increasing the purity. Figure S11 . Mass spectrometry characterization of the BN-Cd16 cleavage product. The substrate sequence is 5-GTCACGAGTCACTATrA*GGAAGATGGCGAAA. The calculated MW of the cyclic phosphorothioate product is 4959.22. The MW of the other fragment bearing 5-hydroxyl group is 4385.9. The two highlighted peaks are the two fragments carrying three negative charges. These samples were prepared by reacting a non-labeled DNAzyme PS substrate with BN-Cd16 DNAzymes at 1 µM substrate and 1.5 µM enzyme concentration in 50 mM MES buffer (pH 6) with 25 mM NaCl and 10µM Cd 2+ . Then the samples were desalted using a Sep-Pak column and dried. After rehydration in water to ~20 µM substrate concentration, the samples were analyzed using an ESI mass spectrometer. Figure S15 . Sensor response using the untreated PS substrate containing an equal amount of each diastereomer. The reaction conditions are identical to that in Figure 6A of the main paper, and various concentrations of Cd 2+ was added at 5 min. The signal increase was only ~3.5-fold as compared to the ~6-fold for the substrate after the 17E DNAzyme and Mg 2+ treatment.
